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growing	 season	 in	 16-	year-	old	 herbivore	 exclosures	 and	 unenclosed	 control	 plots	
	(ambient),	at	three	mountain	birch	forests	and	two	shrub	heath	sites,	in	the	Scandes	
forest-	tundra	ecotone.	We	also	used	high-	throughput	amplicon	sequencing	for	taxo-










tion.	 These	 results	 suggest	 that	 herbivory	 can	 influence	 fungal	 biomass	 in	 highly	
context-	dependent	 ways	 in	 subarctic	 ecosystems.	 Considering	 the	 importance	 of	
root-	associated	 fungi	 for	ecosystem	carbon	balance,	 these	 findings	 could	have	 far-	
reaching	implications.




Ectomycorrhizal	 (ECM)	 associations	 are	 widespread	 in	 arctic	 and	
subarctic	 ecosystems	 (Newsham,	 Upson,	 &	 Read,	 2009)	 and	 are	
potentially	of	great	 importance	for	carbon	 (C)	and	nutrient	cycling	
(Averill,	 Turner,	 &	 Finzi,	 2014;	 Clemmensen	 et	al.,	 2013,	 2015;	
Ekblad	et	al.,	2013).	Tundra	plants	have	been	found	to	divert	up	to	
17%	of	their	photosynthetic	C	to	mycorrhizal	fungi	and	in	turn	re-
ceive	up	 to	61%	of	 their	 required	nitrogen	 (N)	 (Hobbie	&	Hobbie,	
2006;	Yano,	 Shaver,	 Giblin,	 &	 Rastetter,	 2010).	 This	 plant–fungus	
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mutualism	has	implications	for	C	dynamics	on	a	wide	scale.	For	in-
stance,	a	major	part	of	the	stored	C	in	boreal	soils	 is	derived	from	
roots	 and	 associated	 fungi,	 rather	 than	 aboveground	 plant	 litter	




et	al.,	 2014),	 underlining	 the	 importance	 of	 mycorrhizae	 as	 regu-




alces)	 play	 an	 important	 part	 in	 shaping	 arctic	 and	 subarctic	 plant	
communities	 and	 can	 substantially	 reduce	 the	biomass	of	mountain	




for	 ECM	 fungi	 (Clemmensen,	Michelsen,	 Jonasson,	&	 Shaver,	 2006;	
Michelsen,	Schmidt,	Jonasson,	Quarmby,	&	Sleep,	1996;	Ruotsalainen,	
Markkola,	&	Kozlov,	 2009).	 Browsing	 of	 these	 host	 plant	 species	 is	
likely	to	also	affect	mycorrhizal	fungi,	and	several	studies	show	a	neg-





herbivore–plant–fungus	 interaction	 is	complex,	and	 in	some	ecosys-































positively	 influence	EMM	biomass,	 through	an	 increased	abundance	








12°E),	 and	 one	 northern	 area,	 Pulsuvuoma	 (68°N,	 21°E),	 in	 the	
Scandinavian	 mountain	 range.	 The	 two	 southern	 study	 areas	 con-
sisted	 of	 two	 sites	 each—a	 shrub	 heath	 (above	 the	 forest	 line)	 and	
a	 mountain	 birch	 forest	 site,	 whereas	 in	 Pulsuvuoma,	 there	 was	 a	






forming	B. nana	 in	the	shrub	layer.	The	field	layer,	however,	 is	domi-
nated	by	ERM-	forming	dwarf	shrubs	such	as	Calluna vulgaris	(L.)	Hull, 
Vaccinium vitis-idaea	 L., Vaccinium myrtillus	 L.,	 and	 Empetrum nigrum 
subsp. hermaphroditum	 (Hagerup)	 Böcher	 along	 with	 the	 graminoid	
Deschampsia flexuosa	L.	In	the	bottom	layer,	lichens	such	as	Cladonia 
spp.	and	Cetraria islandica	(L.)	Ach.	are	abundant.	The	birch	forest	site	
(880	m	a.s.l.)	 lies	 in	 a	 low	 forest	 dominated	by	ECM-	forming	Betula 
pubescens	subsp. czerepanovii	(from	here	on	just	B. pubescens)	with	an	
undergrowth	of	dwarf	 shrubs,	 such	as	Vaccinium	 spp.	and	E. nigrum, 
and	grasses,	 such	as	D. flexuosa	 and	Nardus stricta,	 as	well	as	herbs,	










reindeer	 from	 June	 to	 September,	whereas	 the	 birch	 forest	 (800	m	
a.s.l.)	 is	mainly	 grazed	 in	June,	 before	 the	 reindeer	 are	driven	up	 to	
higher	elevations	by	the	emerging	mosquitos,	and	in	October,	as	the	
herds	pass	 through	on	 their	way	back	down	 to	 the	winter	 pastures	
(Jörgen	Jonsson,	Idre	Sami	Village,	pers.	comm.).	Over	the	experimental	















In	 1995,	 six	 plots	 (25	×	25	m)	 were	 established	 at	 each	 site	 (see	
Eriksson	et	al.	 (2007)	 for	 full	background),	and	 the	same	plots	were	
used	in	this	study.	Three	of	the	plots	at	each	site	were	surrounded	by	
fences,	1.7	m	high	 (hereafter	 referred	 to	 as	exclosures).	The	 fences	
exclude	large	herbivores,	such	as	moose	and	reindeer,	while	small	her-
bivores,	such	as	hares	and	rodents,	still	had	full	access	due	to	the	large	
mesh	 size.	The	other	 three	plots	 (from	here	on	 referred	 to	 as	 “am-









bag	was	 vertically	 inserted	 such	 that	 the	 upper	 end	was	 level	with	











extracted	mycelia	were	 further	 rinsed	 from	 sand	grains	before	 ana-
lyzed	 for	C	and	N	concentrations.	Some	sand	particles	 still	 adhered	
to	the	harvested	mycelia,	and	the	N%	data	were	therefore	corrected	










































We	 then	 used	 B. pubescens	 biomass	 and	 B. nana	 frequency	 (for	
which	no	reliable	function	to	estimate	biomass	was	found	in	the	liter-
ature)	as	factors	in	the	linear	models.
2.6 | Soil and root sampling and analysis
Two	soil	cores	were	taken	(and	pooled)	from	each	of	two	randomly	
selected	 subplots,	 using	 a	 soil	 core	 sampler	 (diameter	 7	cm,	 length	
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10	cm).	 These	were	 stored	 at	 4°C	 until	we	 returned	 to	 the	 labora-
tory,	where	they	were	frozen	until	analysis.	Organic	and	mineral	lay-
ers	were	separated	out	and	sieved	through	a	2	mm	mesh.	Subsamples	
from	both	 layers	were	analyzed	 for	C	and	N	content	 through	mass	
spectrometry	 (ANCA-	TGII	 interfaced	 with	 a	 20–20	 IRMS,	 SerCon,	
UK),	as	well	as	pH	and	loss	on	ignition.	Roots	<2	mm	diameter	from	
both	 soil	 horizons	 were	 also	 extracted	 and	 analyzed,	 separately,	
through	mass	spectrometry.
2.7 | DNA extraction, amplification, and sequencing
After	the	sand	from	the	four	bags	from	each	plot	was	pooled,	DNA	was	
extracted	from	500	mg	 (dry	weight)	subsamples	using	a	NucleoSpin	










sequencing.	 Amplication	 of	 the	 ITS2	 region	was	 performed	 using	 a	
real-	time	 (quantitative)	 PCR	 instrument	 (CFX96	 Touch,	 Bio-	Rad	
Laboratories,	Inc.,	USA)	in	order	to	observe	the	process	of	the	reac-
tion	and	stop	it,	while	the	majority	of	the	samples	were	still	in	the	log-	






curve	was	 generated	 from	65°	 to	 95°	 in	 increments	 of	 0.5°C.	 PCR	
products	were	cleaned	using	the	ZR-	96	DNA	Clean	&	Concentrator-	5	
kit	(Zymo	Research	Corporation,	USA).	DNA	concentration	was	once	
again	 quantified	 by	 fluorescence	 using	 the	 QuBit	 3.0	 fluorometer,	
and	up	to	30	ng	of	each	duplicate	sample,	if	available,	was	pooled	for	
sequencing.	The	pooled	 library	was	sequenced	using	a	PacBio	RS	 II	
(Pacific	 Biosciences,	 USA)	 at	 the	Uppsala	Genome	Center	 (Uppsala	
University,	Sweden)	using	four	single-	molecule	real-	time	(SMRT)	cells.
2.8 | Bioinformatics
We	used	Mothur	 (v.1.34.4;	 (Schloss	et	al.,	2009)	 for	quality	 filtering	
and	 demultiplexing	 of	 the	 PacBIO	 consensus	 sequences	 (bdiffs	=	1,	
minlength	=	80,	 qwindowaverage	=	30,	 qwindowsize	=	50).	 Quality	
filtering	was	followed	by	demultiplexing	as	well	as	removing	tags	and	





(Edgar,	 2010)	 using	 the	 command	 “cluster_fast”	 with	 standard	 op-
tions.	Chimeras	were	detected	using	Uchime	(Edgar,	Haas,	Clemente,	















biomass.	We	 analyzed	 the	 birch	 forest	 and	 shrub	heath	 sites	 sepa-
rately	as	we	hypothesized	that	the	abundance	of	the	dominant	ECM	

















ECM	 species	 only.	We	 calculated	 Shannon’s	H,	 Fischer’s	α,	 and	 the	
complement	(1-	D)	and	reciprocal	(1/D)	forms	of	Simpson’s	D	using	the	
diversity	 function	 in	 the	vegan	 package	 of	 R	 (Oksanen	 et	al.,	 2013)	
and	evenness	 indices	of	Simpson’s	D	and	Shannon’s	H	according	 to	
Magurran	(2004).	Linear	models	were	used	to	test	for	treatment	dif-




We	 tested	 the	 effect	 of	 grazing,	 vegetation	 type,	 and	 soil	 vari-
ables,	 including	pH,	soil	organic	matter,	and	C:N	ratio,	on	both	ECM	
and	total	OTU	composition	using	the	multivariate	version	of	ANOVA	
(PERMANOVA)	as	 implemented	 in	the	adonis	 function	of	 the	vegan	
package	 of	 R	 (Oksanen	 et	al.,	 2013).	 Each	 variable	was	 tested	 in	 a	
single-	factor	analysis.	All	results	were	considered	significant	if	p	<	.05.





high	 as	 in	 ambient	 plots	 (Figure	1).	 At	 Pulsuvuoma,	 there	 appeared	
to	be	no	treatment	effect,	but	overall	the	negative	effect	of	grazing	
on	 mycelial	 ingrowth	 was	 significant	 (p <	.01,	 Table	1).	 The	 effect	
of	 B. pubescens	 biomass	 on	 EMM	 biomass	 was	 not	 significant,	 but	




threefold	 higher	 EMM	 biomass	 than	 exclosures,	 but	 at	 Fulufjället,	
where	 there	 are	 no	 reindeer,	 there	 was	 no	 difference	 (Figure	1).	
Overall,	 treatment	 was	 not	 statistically	 significant,	 although	 there	
was	 a	 significant	 site	 effect	 (p =	.01,	 Table	2).	 There	 was	 also	 a	
near-	significant	 effect	 of	 B. nana	 frequency	 (p	=	.06),	 which	 at	
Långfjället	was	negatively	correlated	 to	mycelial	biomass	 (Figure	3,	
Table	2).
3.2 | Betula pubescens biomass, B. nana 
frequency, and soil TDD
We	 found	 no	 significant	 differences	 in	B. pubescens	 biomass	 and	
B. nana	 frequency	 between	 exclosures	 and	 ambient	 plots,	 even	
though	 there	was	 a	 near-	significant	 treatment	 effect	 on	B. pube-
scens	biomass	at	the	Fulufjället	birch	forest	site	(p	=	.07).	Soil	TDD	
were	 significantly	 higher	 in	 exclosures	 at	 Fulufjället	 shrub	 heath	
and	 significantly	 lower	 in	 exclosures	 at	 Långfjället	 shrub	 heath	
(Table	3).
3.3 | Fungal community composition
From	 117,583	 consensus	 sequences,	 84,811	 reads	 passed	 quality	
filtering.	 In	 total,	 of	 84,811	 quality-	filtered	 reads	 submitted	 to	 ITS	















































Birch forest Df F p
Treatment 1 14.4 .00
Site 2 2.1 .18
B. pubescens	biomass 1 0.1 .77
Soil	TDD 1 12.1 .01
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Shrub heath Df F p
Treatment 1 4.1 .09
Site 1 11.7 .01
B. nana	frequency 1 5.6 .06
Soil	TDD 1 2.3 .18
Treatment*Site 1 3.6 .11
Bold	values	significant	at	p	<	.05
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detected,	of	which	13	were	chimeric.	 In	addition,	100	and	44	were	
detected	as	reference-	and	de	novo-	based	chimeras,	and	3,259	reads	
were	 less	 than	100	bp	 long.	The	average	 length	of	OTU	sequences	
was	279.006	bp.
The	remaining	sequences	were	clustered	into	1,353	OTUs.	Of	these,	
851	 were	 Ascomycetes,	 306	 Basidiomycetes,	 15	 Rozellomycetes,	




























Shrub heath Birch forest
Fulufjället Långfjället Fulufjället Långfjället Pulsuvuoma
Elevation	(m	a.s.l.) 930 840 880 800 460
Bedrock Sandstone Dala	granite Sandstone Dala	granite Metagranodiorite,	
Metatonalite
Soil	type Gravelly	till Gravelly	till Gravelly	till Gravelly	till Till
Coordinates 61°38′11″	N 62°06′53″	N 61°38′45″	N 62°03′59″	N 68°20′19″	N
12°38′29″	E 12°16′30″	E 12°35′34″	E 12°14′56″	E 21°19′35″	E
Duration	of	experiment 24	May	–	20	Oct 25	May	–	21	Oct 24	May	–	20	Oct 25	May	–	21	Oct 8	June	–	27	Sept
Incubation	time	(days) 148 148 148 148 112
B. nana	frequency	(0–100)
Exclosures 17.5	(±5.0) 35.9	(±6.7) – – –
Ambient 14.9	(±9.0) 14.7	(±6.1) – – –
B. pubescens	biomass	(kg/ha²)
Exclosures – – 13,904	(±3188) 22,650	(±5732) 32,138	(±6131)
Ambient – – 7359	(±4559) 25061	(±2680) 35,218	(±3748)
TDD	Soil
Exclosures 1270.3 (±18.2) 1198.3 (±11.4) 1317.5	(±41.9) 1244.6	(±62.3) 821.2	(±145.5)
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4  | DISCUSSION
We	 found	 that	 grazer	 exclusion	had	a	 significant	positive	effect	on	
EMM	biomass	at	the	birch	forest	sites,	where	mycelial	biomass	was	
substantially	higher	 in	exclosures	at	both	Fulufjället	 and	Långfjället.	




(Bernes,	 Bråthen,	 Forbes,	 Speed,	&	Moen,	 2015).	 Although	 no	 suf-
ficiently	 fine-	scale	 moose	 population	 data	 are	 available	 from	 our	
study	 areas,	 Fulufjället	 is	well	 known	 for	 its	 sizable	moose	 popula-
tion	(Naturvårdsverket	2002),	and	numerous	moose	droppings	were	
observed	 around	 the	 study	 site	 (T.	 Vowles,	 pers.	 obs.).	Moose	 can	
decrease	mycorrhizal	colonization	 in	 taiga	ecosystems	 through	win-
ter	 browsing	of	willow	and	poplar	 twigs	 (Rossow	et	al.,	 1997),	 and,	
furthermore,	browse	the	sites	throughout	the	summer,	which	would	
have	 a	 greater	 impact	 on	 the	 flow	of	 photosynthates	 to	 roots	 and,	
subsequently,	 mycorrhiza,	 as	 ECM	 fungi	 are	 dependent	 on	 newly	
fixed	carbon	 (Ekblad	et	al.,	2013;	Högberg	et	al.,	2001).	Contrary	to	
our	 hypothesis,	 however,	 we	 found	 no	 correlation	 between	 B. pu-
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and	 ambient	 plots	 reflect	 herbivore	 influence,	 further	 research	 into	
the	precise	mechanisms	behind	this	is	needed.
Pulsuvuoma	 is	 the	 only	 site	where	 EMM	 biomass	was	 signifi-
cantly	 related	 to	 soil	 TDD.	 No	 effect	 of	 herbivore	 exclosure	was	
found,	but	considering	that	the	site	 is	generally	only	used	by	rein-
deer	 in	winter,	when	they	do	not	browse	mountain	birch	and	that	





Pulsuvuoma	 than	at	 the	other	 sites.	This	 suggests	 that	underlying	


















finding	 that	 EMM	biomass	 increases	 as	B. nana	 production	 is	 stim-
ulated	 through	warming	 and	 fertilization	 (Clemmensen	 et	al.,	 2006;	
Deslippe,	Hartmann,	Mohn,	&	Simard,	2011).	In	our	study,	however,	














locate	 substantial	 amounts	 of	 nutrients	 between	plant	 parts	 during	
the	 season	 (Chapin,	 Johnson,	&	McKendrick,	 1980).	This	 high	 plas-
ticity	helps	it	to	respond	quickly	to	altered	environmental	conditions	
(Bret-	Harte	 et	al.,	 2001).	Therefore,	when	B. nana	 is	 suppressed	 by	
grazers,	 it	 is	possible	 that	 comparatively	more	C	 is	 allocated	 to	 the	
roots,	which	may	 stimulate	 fungal	 growth.	Many	 plants	 are	 known	
to	reallocate	photosynthetic	C	from	foliar	tissue	to	roots	in	response	




Df F p Df F p
/amanita C/SD/MDSa 1 1.13 .30 4 0.60 .67
/cortinarius MDF	(rarely	SD)¹ 1 3.36 .08 4 1.32 .30
/inocybe SD	(C/MDF)	a 1 0.01 .93 4 0.46 .76
/piloderma SD/MDFa 1 3.49 .08 4 1.40 .27
/pseudotomentella MDSb 1 0.43 .52 4 0.91 .48
/suillus–rhizopogon LD¹ 1 0.83 .37 4 0.86 .51
















Df F p Df F p
Medium-	distance	
fringe/short-	distance




1 1.18 .29 4 0.60 .67
Long-	distance 1 0.83 .37 4 0.86 .51











a	 larger	allocation	of	C	 to	belowground	 tissue,	 in	order	 to	optimize	
nutrient	uptake	in	nutrient-	poor	environments	even	when	photosyn-
thetic	ability	is	impaired.
Although	 a	 previous	 study	 found	 that	 mountain	 birch	 defolia-
tion	 caused	 by	 autumnal	 and	 winter	 moth	 (Epirrita autumnata	 and	
Operophtera brumata)	altered	ECM	fungal	communities	(Parker	et	al.,	
2016),	 linear	 models	 in	 our	 study	 showed	 no	 significant	 treatment	
effects	on	diversity	or	evenness.	Nor	did	we	find	any	significant	dif-





by	 the	 exclusion	 of	 herbivores.	 One	 reason	 for	 this	 could	 be	 that	








et	al.,	 2015).	However,	 further	 studies,	with	 larger	 sample	 sizes,	 are	
evidently	needed	to	delve	deeper	into	the	effects	of	grazing	on	fungal	
community	dynamics.
The	 large	 abundance	 of	 /cortinarius	 is	 in	 line	with	 other	 recent	
studies	from	the	Scandes	forest-	tundra	ecotone	(Parker	et	al.,	2016;	
Saravesi	 et	al.,	 2015),	which	 nuances	 the	 view	 that	Cortinarius	 spp.	
are	unwilling	 to	colonize	mineral	 substrates	 (Wallander	et	al.,	2013).	
Moreover,	we	cannot	 rule	out	 that	 the	 sand	 substrate	 causes	 some	













was	 that	 ERM	 comprised	 a	 larger	 part	 of	 the	 identified	OTUs	 than	
ECM.	How	much	ericoid	mycorrhizas	contribute	to	the	soil	mycelium	
is	 largely	unknown	 (Read	&	Perez-	Moreno,	2003),	but	 in	boreal	and	
temperate	 forests,	EMM	 is	 thought	 to	be	mainly	produced	by	ECM	
fungi	associated	with	trees	(Ekblad	et	al.,	2013).	It	is	possible	that	in	










Despite	 this,	 the	 results	are	comparable	with	earlier	 findings	 from	a	
dry	 subarctic	 heath	 in	 Sweden	 (ca	 1.25	g	 mycelial	 biomass	 per	 m2,	
June–August)	 (Clemmensen	et	al.,	2006),	as	well	as	that	recorded	at	
the	tree	line	in	the	Swiss	Alps	(ca	0.4–1.75	g	mycelial	biomass	per	m2,	
June-	September)	 (Hagedorn	 et	al.,	 2013).	 In	 other	 northern	biomes,	












This	 study,	one	of	 the	 first	of	 its	kind	 in	arctic	and	alpine	 tree	 line	
ecosystems,	shows	that	aboveground	grazing	affects	EMM	biomass	
in	 these	 environments.	 The	 EMM	 biomass	 in	 the	 birch	 forest	 at	
Fulufjället	 and	 Långfjället	was	 positively	 affected	 by	 the	 exclusion	
of	herbivores,	 as	hypothesized.	 In	contrast,	 grazer	exclusion	at	 the	
shrub	heath	at	Långfjället	resulted	in	reduced	mycelial	biomass.	This	
surprising	 finding	 implies	 a	 large	 degree	of	 context	 dependency	 in	
how	EMM	production	changes	under	grazing.	In	view	of	recent	stud-
ies	that	have	highlighted	the	importance	of	ECM	for	decomposition	
of	 soil	 organic	 matter	 (Hartley	 et	al.,	 2012),	 such	 a	 stimulation	 of	
EMM	growth	could	potentially	 lead	 to	an	acceleration	of	C	cycling	
in	 the	subarctic.	Despite	being	a	crucial	 component	 in	arctic	C	dy-
namics,	the	influence	of	herbivory	on	microbial	processes	is	a	vastly	
understudied	 area.	Consequently,	more	 studies,	which	 address	 the	
effect	of	grazing	on	the	complete	mycorrhizal	system	(both	root	tip	
and	EMM),	 are	needed	 to	 further	 explore	 the	 interaction	between	
herbivores,	 plant	 community	 change,	 and	 C	 dynamics	 in	 northern	
ecosystems.
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